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Since  the  turn  of  the  21st  Century  there  has  been  a  hiatus  in  the  cooling  of  the  lower
stratosphere  (Fig.  1a).  This  ‘stratospheric  hiatus’  is  happening  at  the  same  time  as  the
well-documented hiatus in global surface warming1, during a time of increasing carbon dioxide
(CO2)  concentrations (‘surface’ line in Fig.  1a).  Although CO2 acts to warm the surface and
troposphere by decreasing outgoing radiative flux at the tropopause, it cools the stratosphere by
increasing  net  infrared  emission,  so  we  might  expect  the  continued  increase  in  CO2
concentrations to have produced lower-stratospheric cooling, as observed through much of the
depth of the stratosphere2. Why, then, do we observe a hiatus in the lower stratosphere?
The answer to this mystery lies in recent changes in lower-stratospheric ozone concentrations.
Since the 1970s global total column ozone has been decreasing as a result of human emissions
of ozone depleting substances (ODS), primarily chlorofluorocarbons3. Ozone absorbs solar and
infrared radiation. A decrease in ozone concentrations therefore drives stratospheric cooling2,3.
The  1989  Montreal  Protocol  and  subsequent  international  treaties  aimed  to  combat  ozone
depletion by reducing human emissions of ODS. The concentration of ODS in the atmosphere
has stopped increasing and the stratospheric ozone layer is showing signs of recovering3,4.
Thus, the 'stratospheric hiatus' occurs at a unique point in time. The effect of ODS on lower
stratospheric temperatures is beginning to decline. In the future, increasing CO2 concentrations
will play an important role in lower stratospheric temperatures. This is partly due to the direct
effect  of  CO2 on  infrared  emission,  but  also  important  is  the  decrease  in  tropical
lower-stratospheric  ozone  caused  by  CO2-induced  acceleration  of  the  stratospheric
Brewer-Dobson  circulation  bringing  ozone-poor  air  from  the  troposphere  up  into  the  lower
stratosphere5. For the present, however, the cooling influence of ODS has halted, resulting in a
'hiatus' in stratospheric cooling6-8. Higher up in the stratosphere CO2 increases have a stronger
cooling  influence than  lower  down because ambient  temperatures  are  higher,  so  longwave
emission  is  greater  (‘middle  stratosphere’  line  in  Fig.  1a)2,6,7.  These  effects  have  been
demonstrated in detection and attribution studies of the influences on stratospheric temperature
trends2,6-8.
The effects of changing concentrations of CO2 and ODS between 14 and 22 km are illustrated in
Fig. 1b. Ozone depletion is responsible for most of the cooling since the 1970s. The effects of
CO2 are  small  at  these  altitudes  because  the  altitude  range  of  the  lower-stratospheric
microwave temperature soundings in Fig 1a includes parts of the tropical upper troposphere,
where  CO2 has  a  warming  effect.  The  vertical  average  of  the  CO2 effects  in  the  lower
stratosphere is  therefore  small.  It  is,  however,  not  zero  and future  large increases in  CO2
concentrations could produce a substantial cooling effect. In the future the concentration of ODS
will decrease, acting to warm the lower stratosphere, whereas greenhouse gases will exert a
cooling influence. 
Changes  in  the  concentration  of  stratospheric  water  vapour  could  also  drive  stratospheric
temperature  trends,  but  measurements  of  stratospheric  water  vapour  and  estimates  of  its
impact on temperatures are uncertain, so this contribution is difficult to determine2,3,10. Changes
in  the  concentration  of  methane  and  volcanic  aerosols  could  also  influence  future
lower-stratospheric temperatures.
The hiatus in lower-stratospheric cooling, although coincident with the hiatus in surface 
warming, has occurred for physical reasons largely unrelated to surface temperature. Our best 
understanding of the surface hiatus is that it includes a major contribution from internal 
variability1, and that warming will resume in the coming decades. On the other hand the 
lower-stratospheric hiatus is primarily a forced phenomenon. Since the 1970s the effects of 
ODS have been the major driver of lower-stratospheric cooling. In the future we expect ODS 
concentrations to decline and CO2 concentrations to increase. The future of lower stratospheric 
temperature change will be determined by the balance between these influences (Fig 1b).
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Figure 1: Stratospheric and surface temperature evolution and influences since 1979. a, 
Annual global-mean surface and stratospheric temperatures. Surface temperatures from from 
the NASA GISTEMP dataset. Stratospheric temperatures are derived from measurements from 
different channels of the Microwave Sounding Unit, processed by Remote Sensing systems: 
lower stratosphere (TLS; approximately 14-22 km) and upper-middle stratosphere (C13; 
approximately 30-40 km). Temperature anomaly series are offset from zero for clarity. b, 
Decadal-mean temperatures simulated by seven chemistry-climate models between 14-22 km 
relative to the period 1990-1999 for the CCMVal-2 scenario REF-B210 (All), which uses the IPCC
SRES A1B greenhouse gas scenario. The ‘greenhouse gases’ scenario is the same as REF-B2 
but has fixed ODS, and the ‘ozone-depleting substances’ scenario has fixed GHGs11. Markers 
denote the multimodel mean and bars indicate the intermodel range. Models used: CCSRNIES, 
CMAM, LMDZrepro, MRI, SOCOL, UMSLIMCAT and WACCM.
